Context. Weak G-band (wGb) stars are a very peculiar class of red giants; they are almost devoided of carbon and often present mild lithium enrichment. Despite their very puzzling abundance patterns, very few detailed spectroscopic studies existed up to a few years ago, which prevented any clear understanding of the wGb phenomenon. We recently proposed the first consistent analysis of published data for a sample of 28 wGb stars and were able to identify them as descendants of early A-type to late B-type stars, although we were not able to conclude on their evolutionary status or the origin of their peculiar abundance pattern. Aims. Using new high-resolution spectra, we present the study of a new sample of wGb stars with the aim of homogeneously deriving their fundamental parameters and surface abundances for a selected set of chemical species that we use to improve our insight on this peculiar class of objects. Methods. We obtained high-resolution and high signal-to-noise spectra for 19 wGb stars in the southern and northern hemisphere that we used to perform consistent spectral synthesis to derive their fundamental parameters and metallicities, as well as the spectroscopic abundances for Li, C, 12 C/ 13 C, N, O, Na, Sr, and Ba. We also computed dedicated stellar evolution models that we used to determine the masses and to investigate the evolutionary status and chemical history of the stars in our sample. Results. We confirm that the wGb stars are stars with initial masses in the range 3.2 to 4.2 M ⊙ . We suggest that a large fraction could be mildly evolved stars on the subgiant branch currently undergoing the first dredge-up, while a smaller number of stars are more probably in the core He burning phase at the clump. After analysing their abundance pattern, we confirm their strong nitrogen enrichment anti-correlated with large carbon depletion, characteristic of material fully processed through the CNO cycle to an extent not known in evolved intermediate-mass stars in the field and in open clusters. However, we demonstrate here that such a pattern is very unlikely owing to self-enrichment. Conclusions. In the light of the current observational constraints, no solid self-consistent pollution scenario can be presented either, leaving the wGb puzzle largely unsolved.
Introduction
The weak G-band (wGb) stars are G and K giants whose spectra show very weak or absent G-band of the molecule CH at 4300Å. The first one, HD18474, was discovered in the northern sky by Bidelman (1951) and is the prototype of this class of stars. Later Bidelman & MacConnell (1973) established a list of 34 wGb stars in the southern sky (declination -83
• < δ < +6
• ). These stars are rare among the population of G-K giants in the Galaxy. The ratio of wGb stars among G-K giants in the Bright Star Catalogue is less than 0.3%. This small sample of stars was mainly studied in the late 1970s and early 1980s (see e.g. Sneden et al. 1978; Rao 1978; Cottrell & Norris 1978; Parthasarathy & Rao 1980; Day 1980; Parthasarathy et al. 1984) . Later Sneden & Pilachowski (1984) found an excellent agreement between carbon abundances derived from spectroSend offprint requests to: A. Palacios: ana.palacios AT umontpellier.fr ⋆ Based on data collected at La Silla Observatory (ESO, Chile), program identifier ID 089.D-0189(A), and at the Telescope Bernard Lyot (USR5026) operated by the Observatoire Midi-Pyrénées, Université de Toulouse (Paul Sabatier), Centre National de la Recherche Scientifique of France. scopic CO data and those determined using features of the CH (G-band). Lambert & Sawyer (1984) confirmed the presence of lithium in some of the wGb stars, adding yet another complexity to these peculiar objects. It is only in the past few years that the interest for these objects has been reawakened with the papers by Palacios et al. (2012) (hereafter Paper I) and Adamczak & Lambert (2013) (hereafter AL13) .
In paper I, we homogeneously reanalysed spectroscopic archival data for a sample of wGb stars, and used dedicated stellar evolution models to establish their mass range. They appear to be the descendants of 3 M ⊙ to 4.5 M ⊙ stars, now located in the crowded Hertzsprung-Russell diagram region of the red clump, which makes their evolutionary status ambiguous (red giant or core helium burning stars). This result is confirmed by AL13 in their new spectroscopic study of a large sample of 24 southern wGb stars. They establish that wGb stars present a strong depletion in carbon that is about a factor of 20 larger than for normal giants and that the 12 C/ 13 C ratio approaches the CN-cycle equilibrium value. In addition, they emphasize a strong N overabundance anti-correlated with the C underabundance, which indicates that the atmospheres of wGb stars have been processed through the CN-cycle and probably also the ON-cycle. These abundance anomalies are often accompanied by high lithium abundances, similar to those of Li-rich K giants (A(Li) ≥ 1.4 dex).
The concurrence of high lithium content and CN(O) cycled material is extremely puzzling since these nuclei are issued from exclusive regions. The interpretation of the abundance pattern of wGb stars differs in AL13 and Paper I, and both studies are inconclusive. The goal of this paper is to perform a new homogeneous abundance analysis of a large sample of wGb stars with up-todate model atmospheres and line-lists, and to compare them with the predictions of dedicated stellar evolution models in order to clarify the origin of the peculiarities of wGb stars. To this end we have conducted new spectroscopic observations of a sample of 19 wGb stars, mainly in the southern hemisphere.
We present the sample and the observations in § 2, and the spectral analysis applied to retrieve the atmospheric parameters and abundances in § 3; we also compare our results to AL13 for the stars in common between the two samples. We discuss the dynamical properties of the wGb stars in § 4. We finally use dedicated up-to-date stellar evolution models to reinvestigate the masses and evolutionary status of the stars in our sample ( § 5) and proceed to a discussion of the possible scenarios to account for their abundance pattern in § 6 before concluding in § 7.
Observations
This paper is based on new observations of 19 wGb stars. Seventeen southern wGb stars were observed at La Silla, ESO Chile, with the high-efficiency Fiber-fed Extended Range Optical Spectrograph FEROS spectrograph mounted on the 2.2m telescope. FEROS is a bench-mounted, thermally controlled, prism-cross-dispersed échelle spectrograph, providing, in a single spectrogram spread over 39 orders, almost complete spectral coverage from ∼ 350 to ∼ 920 nm at a resolution of 48 000 (Kaufer & Pasquini 1998) . The FEROS observations were carried out during an observing run between May 10 and 13, 2012. All these spectra were flat-fielded and calibrated by means of ThArNe exposures using standard processing tools available at ESO. In addition, two northern wGb stars, HD 18474 and HD 166208, were observed in service mode at the Observatoire du Pic du Midi, France, with the NARVAL spectrograph mounted on the Bernard Lyot 2.0m telescope. The NARVAL instrument consists of a bench-mounted cross-dispersed échelle spectrograph, fibre-fed from a Cassegrain-mounted polarimeter unit (Aurière 2003) . It was used in its non-polarimetric mode; it provided almost complete spectral coverage from ∼ 375 to ∼ 1050nm at a resolution of 75 000 in a single spectrogram spread over 40 orders, . The NARVAL data were reduced using the data reduction software Libre-ESpRIT, written and provided by Donati et al. (1997) from the LATT (Observatoire Midi-Pyrénées). The observation log is given in Appendix (Table A.1).
Spectral analysis
All spectra were processed with the Brussels Automatic Code for Characterizing High accUracy Spectra (BACCHUS) pipeline developed by T. Masseron. The BACCHUS code consists of three different modules designed to derive equivalent widths (EWs), stellar parameters, and abundances. The current version relies on a grid of MARCS model atmospheres (Gustafsson et al. 2008 ), a specific procedure for interpolating the model atmosphere thermodynamical structure within the grid (Masseron 2006 ) and the radiative transfer code TURBOSPECTRUM (Alvarez & Plez 1998; Plez 2012) . It has been successfully compared to other spectral synthesis codes as shown in Jofré et al. (2014) within the framework of the Gaia preparation team.
One asset of the BACCHUS code is the computation of EWs, because the EW of only the considered line is taken into account (excluding the contribution from blending lines). Indeed, EWs are not computed directly on the observed spectrum, but rather from the synthetic spectrum with the best-matching abundance. This way, we have access to the information about the contribution of blending lines, which allows a clean measurement of the EW of the line of interest. As a consequence of this efficient blend-removal technique, BACCHUS tends to have EW measurements that are sometimes slightly lower than average, especially below 5000 Å where blends are numerous. The process measuring EWs is iterated with a new model atmosphere taking into account the possible change in metallicity and adjusting the microturbulence velocity by forcing the invariance of derived abundances with respect to the EWs. Additionally, a new convolution parameter for the spectral synthesis encompassing macroturbulence velocity, instrument resolution, and stellar rotation is determined and possibly adopted. This procedure usually converges after two iterations when the correction on the metallicity becomes smaller than the line abundance dispersion. The last step of the procedure consists in injecting ∼ 80 selected Fe lines and their derived equivalent widths in TUR-BOSPECTRUM to derive abundances for a set of model atmospheres. For each model, the slopes of abundances against excitation potential and against equivalent widths, as well as Fe I and Fe II lines abundances, are computed. The final parameters are determined by requesting that the ionization equilibrium is fulfilled, and that simultaneously null slopes for abundances against excitation potential and against equivalent widths are encountered.
Atmospheric parameters
Atmospheric parameters of our list of wGb stars are given in Table 1. Using the param module of BACCHUS, the effective temperature T eff , the logarithmic surface gravity log g , the global metallicity [Fe/H] , and the microturbulent velocity ξ turb are computed by removing any trends in the [Fe/H] vs. E and [Fe/H] vs. W/L relations (where E is the energy of the lower level of a line, W the measured equivalent width, and L the wavelength of the considered line), and by forcing lines of Fe I and Fe II to yield the same abundance. The slopes of Fe abundances against excitation potential are given in Fig. 1 for two wGb stars. The abundance of an element like Fe I, as derived from different spectral lines in a wide range in excitation potential, should be independent of the excitation potential if T eff is well determined. FeI and FeII also must have similar abundances if the surface gravity log g is well determined. This check for two stars confirms that BACCHUS has robust results. There is some spread in Fig. 1 ; the most marginal points in this plot disappear as soon as W/L < 0.06.
The projected rotational velocity υ sini is determined for each star by matching a rotational profile to the average line broadening. The luminosities in Table 1 are derived from basic expressions of luminosity and gravity using the relation
where M is the mass of the star in solar units. For the calculation of log(L/L ⊙ ) we use the masses derived from our stellar evolution models (see § 5) and reported in Table 7 . Fig. 2 shows a clear discrepancy between our spectroscopic and photometric temperatures; this discrepancy is comparable to that found by AL13 for their own data (see their Fig. 1 lower  panel) . The photometric temperatures (see Palacios et al. (2012) , Table 1 for stars in common with that paper and the present study) are systematically lower by about 150 K (standard deviation 133 K) compared to the spectroscopic values (given in Table 1 ). This point will be discussed again in § 3.3.3. We note a significant difference (about 400 K) for HD120213, which is the coldest wGb star in our sample. In addition, there is a general good agreement within the uncertainties (0.2dex), except for HD91805 (0.5dex), between the luminosities determined from A&A proofs: manuscript no. Palaciosetal2015_WGB photometry and parallaxes in Palacios et al. (2012) and those determined by spectroscopy in this work (see Table 1 ). 
Abundance determinations
Abundances were determined by means of the abund module of BACCHUS. The abundance determination module proceeds in the following way: (i) a spectrum synthesis, using the full set of lines (atomic and molecular), is used for local continuum level finding (correcting for a possible spectrum slope); (ii) cosmic and telluric rejections are performed; (iii) local signal-tonoise is estimated; and (iv) a series of flux points contributing to a given absorption line is selected. Abundances are then derived by comparison of the observed spectrum with a set of convolved synthetic spectra characterized by different abundances. Four different diagnostics are used: χ 2 fitting, core line intensity comparison, global goodness-of-fit estimate, and equivalent width comparison. A decision tree then rejects the line or accepts it keeping the best-matching abundance.
After the software automatically accepts a line, we then select the lines for which three diagnostics out of four (see above) are fulfilled, the order of priority being χ 2 fitting, core line intensity comparison, and equivalent width comparison. We then perform a visual inspection of each line in the spectrum together with a set of overplotted synthetic spectra with different abundances.
Examples of fits to lithium and carbon lines are given in Fig. 3 .
The final derived abundances are given in Table 2 and Table 3. Solar abundances are taken from Asplund et al. (2005) . The most relevant lines for each element that have been used for the determination of LTE abundances are listed here:
-Lithium : 6707.8Å (see Fig. 3 ) -Nitrogen : about 30 lines, from 7874.9Å to 8060.2Å -Carbon : two lines in the CH G band at 4304Å (see Fig 3) We note that these stars are not metal-poor and are poorly affected by NLTE effects on both the determination of log g by ionisation balance and on the chemical abundance determination (Thévenin & Idiart 1999; Idiart & Thévenin 2000) .
We confirm the strong carbon deficiency in the wGb stars observed and a carbon isotopic ratio value close to the nuclear equilibrium value of 4 in most of our objects. These results agree with Palacios et al. (2012) and AL13, and are presented in Table 2 and Fig. 11 .
In Palacios et al. (2012) , we reported nitrogen abundances from the literature for four wGb stars (HD 166208, HD 165634, HD 91805, and HD 18474) and compared them to the predictions of our standard and non-standard stellar evolution models, we concluded that they were compatible with models predictions assuming that these stars were either lower red giant branch stars or red clump stars. In the meantime AL13 published new abundances for a set of wGb stars derived from high-resolution spectra, revealing a clear nitrogen enrichment of their atmospheres, anti-correlated with the carbon abundance, and interpreted these results as the signature of CN nuclear cycling. Our present study confirms the abundances derived by AL13, and indicates strong enrichment (mean value of about < [N/H] > = 1.3 dex) in these stars as shown in Table 2 and Fig. 11. 3.3. Errors 3.3.1. Random and systematic errors Table 1 shows the random errors for the basic fundamental parameters. Errors on effective temperature, microturbulence, and surface gravity have been derived by evaluating the error due to line-to-line Fe abundance scatter on the excitation and equivalent width trends as well as on ionisation balance, respectively. The resulting errors on those parameters have then been propagated on the determination of the luminosity. Because all the stars have similar parameters, systematic errors on abundances have been evaluated by deriving the abundances in only one star in our sample and by adding +1σ error on stellar parameters. The resulting values are presented in Table 4 (column 2). While they can be almost neglected for C and Sr abundances, they appear to be significant for the other elements abundances compared to random errors (see Table 4 column 4).
Comparison with previous data
Adamczak & Lambert (2013) have published astrophysical parameters and abundances of 24 wGb stars, of which 13 are in Table 2 . Abundances of light elements in wGb stars. All element abundances are given with respect to H, except for lithium which is given in log ǫ(Li). Solar values are taken from Asplund et al. (2005) and are 8.39, 7.78, 8.66, and 6.17 for C, N, O, and Na, respectively. common with our study. Comparison between our work and theirs is given in Table 5 . Our spectroscopic temperatures are consistently higher by 140 K (standard deviation 59 K) than those of AL13, which results in an overall small discrepancy between our astrophysical parameters and abundances and theirs, though this discrepancy remains within the limit of respective probable errors. Nevertheless, there are three stars (HD 18474, HD 67728, and HD 120170) for which there are significant discrepancies > ∼ 0.3 dex in abundances; these stars correspond to those with ∆(T eff ) > ∼ 200K in Table 5 . In § 3.1 we note a discrepancy between our spectroscopic and photometric temperatures. Adamczak & Lambert (2013) report a similar difference of about 190 K between the two Notes. (a) Comparison between abundances deduced from two different atmosphere models (T eff = 5206 K, log g = 2.4 and T eff = 5037 K, log g = 2.75) for HD 56438. For each element X, model) . (b) Comparison between abundances obtained with a C-deficient atmosphere model and a solar atmosphere model. For each element X,
techniques without being able to clarify this point. We suspect that this is partly due to the chemical peculiarity that affects both types of analysis; we discuss this point below.
Influence of the C and N peculiar abundances on atmospheric parameters and abundances
Because wGb stars have a distinct chemical composition compared to other field stars, it is expected that this changes the structure of the stellar atmosphere. In this section we study more quantitatively the impact of the chemical peculiarities on atmospheric parameters and abundances. We compute two model atmospheres with the MARCS code (Gustafsson et al. 2008) , both with the same parameters chosen to represent a typical wGb star in our sample (T eff = 5000 K, log g = 2.5 dex, [Fe/H] = 0 dex), one with standard (e.g. solar) C and N composition ([C/H] = Table 5 . Comparison of atmospheric parameters and abundances derived for wGb stars common to our sample and that of AL13. In this table shows the difference in the thermal structure between the two models. While in the outer layers (at small optical depths) the CN-specific model is slightly cooler than the standard composition model, the inner part is warmer at the continuum formation level.
Because the atmosphere structure is significantly affected, one can also expect that the spectral energy distribution and the photometric magnitudes will also be modified. In Fig. 5 , we show the difference in magnitude obtained with CN-specific models compared to standard composition models with T eff = 5000 K and 4500K. Not surprisingly, the differences are larger for the B and V bands because this is where most of the C-based and N-based molecules are the most prominent. The typical differences in colours are ∆(B − V) = +0.3 , ∆(V − I) = +0.1, and ∆(V − K) = +0.1, which translate in an increase of the photometric effective temperature of 400 K, 200 K, and 100K, respectively, when accounting for the CN peculiar abundances in the model atmosphere computation. This is consistent with the values expected from the thermal structure. For the spectroscopic temperature, we were also able to evaluate the difference in stellar parameters obtained with both kinds of models by measuring the change in the excitation trend and the change in ionisation balance for HD 56438. We obtained an increase of 150K and 0.5 dex for T eff and log g when using the proper CN model. The change in log g implies a decrease in the luminosity of -0.5 in log scale (see Eq. 1).
Accounting for the peculiar abundances of wGb stars when performing the spectral synthesis would generally lead to identifying the wGb stars as less evolved and less massive stars.
Using a chemically dedicated model atmosphere to analyse wGb stars affects positively the effective temperature derived by photometry and by spectroscopy (but not necessarily by the same amount). However, we cannot claim straightforwardly that this effect would concile the discrepancy in the parameters observed because this would require a fully consistent analysis for the whole sample with a complete grid of dedicated model atmospheres.
In Table 4 (column 3) we report the difference in abundances according to the type of model atmospheres used. While it appears negligible for all the elements measured through atomic transitions, accounting for the CN peculiarity in the model atmopshere and spectra synthesis does affect the C and N abundances. Very interestingly, we note that the positive change in both C and N abundances indicates that wGb stars could actually be even more enhanced in C+N than is found based on solar scaled model atmospheres.
Despite the evidence that the chemical peculiarity of wGb stars has some impact on the parameters and the determination of the abundances, it is also important to simultaneously consider 3D effects on the structure of the atmosphere. Indeed, for similar stellar parameters, 3D models show non-negligible differences against 1D standard composition models (Fig. 4) , but hydrodynamical models with both low C and high N composition do not exist at the moment, and thus we are currently bound to 1D standard composition models.
However, we emphasize that the overall change in parameters with appropriate C and N opacities, as we demonstrate in this section, suggests that wGb stars are probably hotter and with a higher surface gravity, which implies that they could be even less evolved than we infer in § 5.
Dynamical analysis of the sample
In order to complete our study, we analysed the kinematics of wGb stars in our sample. To this end, we calculated the Galactic space velocity components (U, V, and W) given the radial velocities derived from our data and the proper motions and parallaxes according to van Leeuwen (2007) . We use a righthanded coordinate system for U, V, and W so that they are positive in the direction of the Galactic center, Galactic rotation, and the north Galactic pole respectively (Johnson & Soderblom 1987) . We corrected for a solar motion of (U ⊙ , V ⊙ , W ⊙ ) = (8.5; 13.38; 6.49) km.s −1 (Coşkunoǧlu et al. 2011 ). The uncertainties associated with the space-velocity components are obtained from the observational quantities and their errorbars after the prescription of Johnson & Soderblom (1987) . The points bearing the largest uncertainties are those for which the parallax is the most uncertain. In order to provide a point of comparison, we applied the same procedure to the red giant stars sample of Luck & Heiter (2007) to which AL13 also compared their work. The results are shown in Fig. 6 . The kinematics of the wGb stars in our sample do not follow any specific trend and do not differ from those of normal red giant stars in the Galaxy. In this way we exclude the possibility that the chemical peculiarities of these stars originate from a common birth place and kinematic history.
Comparison to stellar evolution models
Following a similar approach to the one we used in Palacios et al. (2012) , we have used the STAREVOL v3.30 stellar evolution code to compute grids of dedicated models to analyse the data described here. The reader is referred to Siess (2006) ; Decressin et al. (2009) for a full description of the standard and non-standard physics of the STAREVOL code used to compute these grids. Consistently with the model atmospheres and spectral synthesis, we have used the Asplund et al. (2005) values as a reference for the solar chemical composition. Unless specified otherwise, the adopted value for the heavy elements mass fraction is 0.012294 with α MLT = 1.6014 as obtained by the calibration of a solar model. The different grids computed are described in Table 6 . In addition to a grid of standard models at solar metallicity (labelled S in Table 6 ), in which we considered an overshoot (at the edges of all convective regions) of 0.1 H p , we computed three grids dedicated to the wGb stars problem. First, we computed a standard grid with [Fe/H] = -0.25 (labelled SlZ in Table 6 ) in order to explore the impact on the mass and evolutionary status that can be assigned to the wGb stars in our sample considering that most of them are slightly iron poor. We used the same amount of overshooting as for the solar metallicity models. Assuming that the CNO abundances determined for the wGb stars in our sample could have an extrinsic origin, we also computed a grid setting the initial abundances of these nuclides to the mean value of our observed sample (see Table 6 , row labelled CNO).
As in Palacios et al. (2012) , we also computed models including rotation. We know from Palacios et al. (2012) ; Adamczak & Lambert (2013) that wGb stars have an initial mass between 3 and 5 M ⊙ , which means that their progenitors were late B-type stars on the main sequence. Following the results of Zorec & Royer (2012) , we computed a series of models in this mass range with an initial slow rotation of υ ZAMS = 25 km.s −1 , which is representative of 5% of late B-type stars. These models are referred to as SlowRot in Table 6 and their surface rotation velocity at the Zero Age Main Sequence (ZAMS) is given in Col. 2. Two models at 3.5 and 3.8 M ⊙ were computed using the same initial CNO abundances as in the CNO models but with [Fe/H] = -0.25 dex and υ ZAMS = 25 km.s −1 , which we label RotCNO. The bulk of late B-type stars have a mean rotation velocity of about 220 km.s −1 on the main sequence, and we computed a few models (M = 3.0, 3.5 M ⊙ ) of fast rotators in order to indicate the level of abundance variations expected in that case. They are referred to as FastRot in Table 6 and are discussed in § 5.2.
We include rotation through its modification of the gravitational potential by the centrifugal force (following the Endal & Sofia (1976) formalism) and via the transport of angular momentum and nuclides that it generates. We use the Maeder & Zahn (1998) formalism where the transport of angular momentum is modelled by an advection-diffusion equation. Meridional circulation, turbulent shear, and winds are the processes transporting both angular momentum and nuclides. We use the Zahn (1992) and Talon & Zahn (1997) prescriptions for the horizontal and vertical shear viscosities, respectively. Mass loss is described according to Reimers (1975) using a parameter η Reimers = 0.5.
Masses and evolutionary status
Using the standard grids at solar and subsolar metallicity we estimated the masses and radii for all the stars in our sample following the maximum likelihood method described in Valle et al. (2014) . We based our estimates upon the T eff , log g , and [Fe/H] and associated errorbars derived from our spectroscopic analysis. The derived values and associated 1σ errors are given in Table 7. We note that the masses obtained when using modified ab initio CNO abundances should be larger by about 0.2 M ⊙ , since A&A proofs: manuscript no. Palaciosetal2015_WGB Table 1 ) and the Galactic red giants sample by Luck & Heiter (2007) (grey stars in the background). The upper row gives the velocity components as a function of the distance to the Sun and the lower row shows the velocity components plotted against each other. Table 6 . Grids of dedicated stellar evolution models computed from the pre-main sequence (PMS) to the early-AGB stage. All models are computed using Asplund et al. (2005) as a reference for the solar abundances mixture (Z ⊙ = 0.012294). Maeder & Zahn (1998) varying the C and N abundances while keeping the same iron content leads to an overall increase in the metallicity and thus to a shift towards redder less luminous tracks at a given mass. They still remain in good agreement with the values listed in Table 7 within the 1σ errorbars.
For those stars common to both our sample and that of AL13, the errorbars and the mass domain that we derive are smaller. This is due to a combination of the difference of our T eff by ≈ 140 K and the use of different stellar evolution models and methods to derive the masses. A striking example of the differences that we find is the star HD 120170. Adamczak & Lambert (2013) list it as a 0.6 M ⊙ star, while we identify it as a 3.6 M ⊙ in good agreement with its temperature and gravity, which are inconsistent with a 0.6 M ⊙ track. For this specific star, the large uncertainty on the parallax deduced luminosity can be incriminated to explain the low value found by AL13.
Concerning the evolutionary status, the location of our sample stars in the HR diagram is not constraining as shown in Figures 7 and 8 . The temperature and luminosity of the stars are all compatible with a subgiant / red giant evolutionary status, whichever model is considered (Fig. 7) . On the other hand, the extent of the blue loops (corresponding to the core He burning or clump phase) is very sensitive to the opacity in the outer layers of the models, and can be largely modified by a change in the chemical composition of these layers as illustrated in Fig. 8 . In particular the hotter and less luminous wGb stars in our sample are not compatible with a clump evolutionary status. The blue loops are much shorter in the rotating models (SlowRot and FastRot) and According to the discussion in § 3.3, adopting the T eff from AL13 for the stars common to our samples would shift most of the points towards the red in Figures 7 and 8 , making them more compatible with a clump status. On the other hand, adopting fundamental parameters derived from dedicated model atmospheres including the CN peculiarity of the wGb stars would shift most of the points towards the blue and would almost exclude a clump status.
As is clearly seen here, the location in the HR diagram alone cannot be conclusive in this particular region for intermediatemass stars and there is a clear degeneracy between red giant and core He burning phases. Asteroseismology based on space photometry is to date the only method that can clearly disentangle stars from the clump and stars from the red giant branch (Bedding et al. 2011 ), but unfortunately none of the known wGb stars has been observed by the asteroseismic space missions yet.
In order to gain insight on the evolutionary status of wGb stars, other observational constraints can be added, such as lithium abundance. This dimension is added as a colour code both for the tracks and for the observational points in Figs. 7 and 8. It is clear from these figures that all stars with A(Li)> 1.3 dex are not compatible with a post first dredge-up (1st DUP) completion status based on stellar evolution models predictions. The completion of the 1st DUP corresponds in Fig. 7 to the point with the highest temperature at which the lowest lithium abundance is reached in each of the tracks. About half of our sample presents such lithium abundances (9 out of 19). According to our computations, lowering the initial metallicity and/or introducing rotation leads to even lower lithium abundances at the 1st DUP completion and hence at the clump (A(Li) < 0.95 dex), and there are even more wGb stars (12 out of 19 within the quoted errorbars) that exhibit more lithium at their surface than predicted by the models. Rotational velocity may also be added to the information on temperature, luminosity, and surface lithium abundance to gain insight on the evolutionary status of wGb stars. However, the upper limits obtained on the surface velocities υ sini for all but two of the wGb stars studied here are not restrictive enough to help determine their evolutionary status. All our rotating models are compatible with υ sini< 5 km.s −1 both during the Hertzsprung gap and at the clump as shown in Fig. 10 .
From an evolutionary point of view, the time spent by a star at the clump (i.e. core He burning phase) is much longer than that spent in the Hertzsprung gap and low red giant branch (RGB) (< ∆t > S GB/RGB ≈ 1.1 to 3 Myr vs. < ∆ t > clump ≈ 14 to 155 Myr in the mass range 3 to 5 M ⊙ , with lower durations associated with higher masses), which is usually an argument in favour of a clump status for stars for which the only constraint is the location in the area of the HR diagram where clump and subgiant/red giant tracks are intertwined. In the specific case of the very rare wGb stars (less than 0.3% of the G-K giants), although no clear statement can be made, their rarity combined with their lithium content, rotational velocities, and positions in the HR diagram seem to favour a mildly evolved status. A clump status is, however, not fully ruled out and could be attributed to at least four objects in our sample. If the wGb stars cross the Hertzsprung gap, important questions arise, in particular concerning the whereabouts of progenitors and the descendants of wGb stars, which we address in § 6.
Nucleosynthesis and abundance patterns
The expected evolution of the surface abundances of lithium, carbon, and nitrogen as a function of the effective temperature predicted by the different models of intermediate-mass stars described in Table 6 , is shown in Figures 7, 8 , and 11. In Fig. 11 , the colours of the points are the ones listed in the last column of Table 6 , and refer to each individual wGb star in our sample.
Lithium
Lithium is easily destroyed by proton captures and its abundance decreases at the surface as soon as the base of the convective envelope is connected to regions where T ≥ 2.5 · 10 6 K. In all our models this occurs during the 1st DUP with the deepening of the convective envelope. The lithium abundance log ε(Li) ≡ A Li then decreases at the surface by about 2 dex compared to the value at the turn-off, reaching A Li ≈ 1.2 dex in standard models. In rotating models, the surface lithium has already decreased during the main sequence owing to the efficient turbulent transport occurring in the radiative interior and connecting the base of the convective envelope to the inner regions where lithium is destroyed by proton captures. During the 1st DUP, A Li also drops by 2 orders of magnitude, starting at the turn-off from initial values between 2.5 dex and 1.5 dex for υ ZAMS between 25 and 50 km s −1 .
A&A proofs: manuscript no. Palaciosetal2015_WGB At least 9 out of the 19 wGb stars analysed here exhibit lithium abundances higher than the larger expected post DUP value of 1.2 dex. These stars are most probably young giants crossing the Hertzsprung gap with on-going 1st DUP. The remaining stars (10 out of 19) have lithium abundances between 0 and 1.2 dex that are consistent with 1st DUP dilution in rotating models, and thus compatible with both subgiant and clump status. Fig. 9 presents the lithium abundances as a function of the C and N abundances for the wGb stars and for intermediatemass stars in the same range of T eff and luminosities from the NGC 3144 young open cluster study by Santrich et al. (2013) . No correlation exists between the Li, C, and N abundances in wGb stars. On the other hand, the stars in NGC 3144 are all Li-poor, with abundances consistent with evolved rotating postdredge up stars. Thus the wGb stars do not behave as their siblings from the NGC 3144 cluster, which have been shown by Santrich et al. (2013) to be similar to field counterparts as far as C and N abundances are concerned.
Carbon
The carbon and nitrogen abundance patterns observed in wGb stars clearly indicate that the plasma is fully processed by the CN cycle. In stars in the mass range 3.2 to 4.2 M ⊙ , hydrogen burning essentially occurs via the CNO cycle in the core during the main sequence evolution and in the hydrogen burning shell (HBS) in the subsequent evolution. According to standard stellar evolution theory, the abundances of 12 C and 13 C are expected to vary at the stellar surface during the 1st DUP, with a total decrease in [C/H] of 0.2 dex and in 12 C/ 13 C from 90 to 20. Recently, Adamczak & Lambert (2014) have derived the carbon and oxygen abundances of a new sample of A-type stars across the Hertzsprung gap and confirm that no abundance anomaly develops during the evolutionary phase that connects the turn-off in Fig. 10 . υ sini as a function of temperature for our solar metallicity slow rotating models with masses from 3 to 5 M ⊙ and for a fast rotator of 3.5 M ⊙ . The colour of the data points refers to each individual wGb star in our sample as specified in Table 1 . The colour of the tracks indicates the evolutionary phase: green for subgaint and RGB phases, blue for clump. the blue to the red giant branch in the red. Our non-rotating models are also consistent with this picture (see Fig. 11 ). For slowly rotating stars, the surface carbon abundances are expected to be slightly modified at the end of the main sequence, but the overall impact of rotation induced mixing in stars with υ ZAMS ≈ 25 km.s −1 is negligible as can be seen in Fig. 11 (the difference between the areas in the two lighter shades of grey). For rapid rotators on the ZAMS , despite the larger turbulent shear mixing triggered by the larger angular velocity, the transport is not efficient enough to significantly decrease the surface carbon abundance prior to the 1st DUP as was shown in Palacios et al. (2012) , and as can be seen from the black shaded areas in Fig. 11 . Our rotating models include the same physcial processes and the same treatment as those proposed by Charbonnel & Lagarde (2010) 
Nitrogen
According to standard stellar evolution theory, the abundances of 14 N is expected to vary at the stellar surface during the 1st DUP with a global increase of [N/H] by 0.5 dex. This prediction is met by our models and were not modified if wGb stars were slow rotators at the ZAMS as shown in the lower left panel of Fig. 11 . For rapid rotators on the ZAMS, the larger turbulent shear mixing allows a higher enrichment of the surface with nitrogen and a post-dredge-up value of about 0.6 dex (see the dark grey shaded area in Fig. 11) . As in the case of carbon, the maximum overabundance reached Table 1 . The shaded areas correspond to the regions of these planes that should be populated with points according to the predictions of the different families of models computed here as labelled in Table 6 . In the upper left plot, the MildRot (Paper I) label associated with the dark grey area indicates the predictions of rotating models with υ ZAMS = 50 km s −1 computed and presented in Palacios et al. (2012) . in our models is much smaller than the mean value of <[N/Fe]> ≈ +1.3 dex derived for the wGb stars. We note that the differences between the temperatures we derived and those derived by AL13 for the subsample of wGb stars common to both our studies do not alter the peculiarity of wGb stars, which does not depend on their evolutionary status as far as C and N abundances are concerned.
Heavier elements
When occurring at high temperatures, the NeNa-chain is associated with the CNO cycle. This chain is made of a series of nuclear reactions that lead to an overall increase in the number of 23 Na nuclei at the expense of 22 Ne. This increase occurs at constant number of 16 O nuclei first, and then-when the temperature increases further-it is accompanied by a decrease in the number of 16 O nuclei.
As the carbon and nitrogen abundance patterns observed at the surface of wGb stars indicate that their atmospheres have been processed through a hot CNO cycle, sodium and maybe oxygen anomalies should also be expected at their surface. As shown by AL13 and noted in Table 2 , wGb stars are indeed mildly enhanced with sodium (< [Na/Fe] >≈ 0.35 dex) and have oxygen abundances in good agreement with other field stars. The heavier elements are normal compared to similar giants. The abundances of O, Na, and heavier elements are thus fully consistent with those of C and N within the framework of the hot CN cycle, clearly indicating that the material exposed at the surface of the wGb stars has been nuclearly processed through the CNO cycle and the NeNa-chain. We note that at such temperatures Li is already not expected to survive, and so-as pointed out in Palacios et al. (2012) -the presence of this light nuclide in the atmospheres of many of the wGb stars introduces a puzzling inconsistency in an otherwise very clear nuclear pattern. In § 6, we examine the different ways such a nuclear pattern can be achieved in stellar atmospheres of evolved intermediate-mass stars.
Exploring the different scenarios
In the previous sections we provide a factual report on the fundamental parameters; on the abundances of Li, C, N, O, Sr, and Ba; and on the kinematics of the wGb stars in our sample. At first glance, our spectral and dynamical analysis indicates that 1. wGb stars have an initial mass between 3.2 and 4.2 M ⊙ .
They are presently evolving either on the lower red giant branch or, less probably, on the red clump from progenitors on the main sequence that should have been late B-to early A-type stars; 2. the dynamical analysis of the wGb stars in our sample reveals no peculiar behaviour in terms of kinematics compared to the sample of normal giants by Luck & Heiter (2007) ; 3. almost 50% of the wGb in our sample exhibit more lithium at their surface than expected from 1st DUP dilution predictions, indicating either that it has been only mildly destroyed or that they have undergone some sort of enrichment. Almost a third of the stars have very low lithium abundances, that can be interpreted as either post DUP abundances of fast rotating stars or as the signature of pollution with lithium poor material; 4. the carbon, nitrogen, oxygen, and sodium abundances analysis clearly shows the presence at the surface of the wGb stars of matter that was fully processed through the CN cycle and the NeNa-chain; 5. the abundances of s-elements Sr and Ba reveal no specific enrichment that could be associated with pollution by more massive asymptotic giant branch (AGB) stars.
Taking these points into account, we explore here the selfand external pollution scenarios that might be considered to account for the chemical peculiarities of this specific class of stars.
Self-enrichment
The self-enrichment scenario proposes that the abundance peculiarities observed at the surface of wGb stars result from internal Fig. 13 . Abundance profiles in the standard 3.5 M ⊙ model at solar on the SGB at the location of wGb stars (left), at the completion of the 1st DUP (center), and in the clump at the location of wGb stars (right). The bold parts of the tracks correspond to the mean values derived for our sample of wGb stars. The bold black line represents the nuclear energy generation inside the star (the scale of which is not presented on the plot), and the lime-green bold part on this track represents the region where the surface C and N abundances of the wGb stars are encountered inside the model. mixing that brings to the surface the products of the CN cycle nucleosynthesis occurring in their deep interior. It is based on the fact that the abundances of the elements heavier than C at the surface of wGb stars indicate that the atmospheres of these stars have been processed by a hot CN cycle. The CN cycle is part of the CNO bi-cycle and its main characteristic is the anticorrelation of carbon and nitrogen abundances with low carbon abundance and high nitrogen. When occurring at equilibrium, the carbon isotopic ratio 12 C/ 13 C ≈ 4. This nuclear cycle occurs inside intermediate-mass stars in the mass range of the wGb stars, which lead AL13 to propose self-enrichment to explain the C and N abundances at their surface. In Fig. 13 Na as a function of the mass coordinate in our standard 3.5 M ⊙ model during the subgiant phase (left and middle panels) and the core helium burning phase (right panel). The bold parts of the tracks represent the domain of surface abundances of these nuclides derived for the wGb stars in our sample (and listed in bracket notation in Table 2 ). The nuclear energy profile is also plotted as a bold black line on each panel. In this figure, the left and the right panels correspond to the internal structure of a model with the luminosity and effective temperature within the domain covered by wGb stars, while the central panel shows the profiles at the completion of the 1st DUP.
The first thing to note is that the CNO cycle is actually operating with the expected amplitude inside the wGb stars.The second point is that the carbon and nitrogen surface abundances vary due to the 1st DUP, as shown in the middle panel presenting the profiles at the DUP completion. The flat parts of the profiles beyond ≈ 0.6 M ⊙ are within the convective envelope. The corresponding carbon and nitrogen abundances result from the deepening of the convective envelope in regions depleted (resp. enriched) in carbon (resp. nitrogen) shown on the left panel of the same figure. The surface abundances of N and C do not vary during the He burning phase (see right panel).
As can be seen in this figure, the region where the CNO cycle operates at full length has a small extent (in mass and radius) on the SGB and is even shallower if the star is at the clump. This region is deeply buried in the core and it is associated with the region where the peak of nuclear energy is produced. It is also fully depleted of lithium.
Assuming a self-enrichment scenario with an undefined cool bottom mixing process that would connect the convective envelope (its base located around the mass coordinate M r ≈ 3.45M ⊙ at the evolutionary stage shown in the left panel) to the region where the CNO cycle operates (at M r ≈ 0.7M ⊙ ) implies that there would be a physical mechanism able to overcome the large mean molecular weight barrier (shown as a merlot reddish brown bold line in the left panel of Fig. 13 ) associated with the HBS to reach the shells where the CNO cycle operates at full length, which is where the bulk of the nuclear energy sustaining the star is produced. Considering the distance between the base of the envelope and the hydrogen burning shell (≫ 15 R ⊙ ), the mixing process should be very efficient, equivalent to a uniform diffusion coefficient of at least 10 16 cm 2 .s −1 , which is larger than the mixing efficiency in convective regions. Such a transport process would also fully deplete the lithium in the envelope of the stars. The rotational transport included in stellar evolution codes (meridional circulation + shear turbulence + thermohaline) is strongly limited by the mean molecular weight barriers and cannot reach the demanded efficiency.
In order to estimate the expected impact of the self-polluting process, we ran some test computations (not shown here) adding an ad hoc diffusion coefficient mimicking the specificities of the previously described cool bottom processing. The code becomes unstable and the result is a strong deviation from the evolutionary path owing to the mixing of the energy production region that affects the CNO cycle.
We conclude that the requirements of a very efficient and deep cool bottom processing that would process the surface shells through the CNO cycle while preserving a non-zero lithium abundance and a normal evolution of the star in the HR diagram cannot be met considering the present knowledge of mixing processes in stellar interiors. This conclusion is independent of the assumed evolutionary status of the wGb stars.
Finally, in our models (rotating and non-rotating), the sum [(C+N+O)/H] is conserved along evolution and is equal to 0 (Fig. 14) , well below the average value of about +0.5 dex derived for the wGb stars in our sample. To reach such a large increase (more than a factor of 3) would require the production of large amounts of primary 14 N deep in the star and the transport of this primary nitrogen in the atmospheres of wGb stars together with the H-burning ashes. If the production of primary 14 N can be achieved in intermediate-mass stars during He-burning phase, it requires extreme conditions (very low metallicity, fast rotation, and advanced evolutionary status beyond the red clump) that are For these reasons, we conclude that the self-pollution scenario should not be considered as a valid option to account for the strong carbon deficiency (and nitrogen enrichment) observed at the surface of wGb stars. This conclusion is independent of any assumed evolutionary status for the wGb stars. As already pointed out in § 5.2 and in Palacios et al. (2012) , the detection of lithium in the atmospheres of the wGb stars is incompatible with the amount of mixing that would be required to account for the C, N, and Na abundance patterns. It is interesting to note that the Li-rich wGb stars that would be past the 1st DUP completion are as puzzling as the more normal, yet very rare lithium-rich red giants. To date, no consistent model is able to explain lithium overabundances of red giants that have evolved beyond the 1st DUP (Gonzalez et al. 2009; Martell & Shetrone 2013; Cassisi et al. 2015) .
Pollution
In the pollution scenario, the abundance pattern observed at the surface of the wGb stars results from the accretion of material processed in other objects (stars or planet-like objects) at an earlier epoch.
In close binary systems, the pollution can occur whenever mass overflows from a more evolved companion. In these cases the pollution concerns the outer layers only. If the primary is a low-mass main-sequence star with a convective envelope, the polluted material will be diluted in the surface convective region and should remain at its post-dilution level until a dredgeup event erases it by mixing the polluted layers with the internal pristine plasma. If the primary is an intermediate-mass or a massive star, then the outer layers are radiative and the polluted material that is accreted is not diluted. However, in these external layers, the nuclides are prone to atomic diffusion (gravitational settling and radiative levitation) and peculiar abundance patterns may develop. This is clearly shown by the wealth of chemically peculiar stars encountered among the A and B spectral type main-sequence objects.
Among the stars described in (Dommanget & Nys 2002) . The 14 other objects (73.6% of our sample) should be single stars. Considering this information, we cannot attribute the carbon and nitrogen abundance anomalies to binarity in the case of the wGb stars.
Pollution may also occur in non-binary systems via planet accretion during the red giant phases. This particular scenario of pollution was proposed by Siess & Livio (1999a,b) as a possible explanation for the existence of Li-rich giants on the upper RGB for solar-mass stars and the early-AGB for intermediate-mass stars. Carlberg et al. (2012) also studied the impact of planet accretion on the abundances and rotation of low-mass red giants and explain that planet accretion by red giant stars should lead to a noticeable increase in their rotation velocity due to the transfer of the planetary orbital momentum to that of the stellar envelope, and more importantly, to a light element replenishment, e.g. an increase in the surface lithium abundance and in the carbon isotopic ratio, and to an increase in the abundance of refractory elements. The planet engulfing scenario is particularly appealing to account for high Li abundances in the Li-rich wGb stars, but it cannot account for the abundances of heavier nuclides (C and N anomalies and normal abundances from refractory nuclides as shown by AL13).
Another possibility for the pollution scenario is the ab initio pollution with material that has been processed through the CNO cycle. We have explored this scenario with the computation of the models labelled CNO and RotCNO in Table 6 , assuming that the wGb stars were either formed or polluted while still fully convective on the pre-main sequence by material bearing the imprint of CNO cycle processing. These models are computed assuming initial abundances of C, N, O, and Na as indicated in Table 6 . In this approach we do not specify the origin of the pollution and we keep a normal initial lithium abundance of 3.2 dex, not taking into account the fact that from a nucleosynthetic point of view, CNO cycle processed material should be devoid of lithium. As can be seen in Figures 7 and 8, these models evolve as standard models that would have a higher metallicity. Although the iron content is maintained solar, the combination of the initial abundances chosen for C, N, O, and Na modify the total metal content and the heavy elements mass fraction Z is increased by a factor of 2 compared to the standard models (see Table 6 ). The major features of these models is thus to appear as lower mass models on the main sequence and Hertzsprung gap, and to evolve on short blue loops during the core helium burning phase. As discussed earlier, using these tracks to determine the masses of wGb stars leads to masses higher than those given in Table 7 by ≈ 0.2 M ⊙ . Concerning the evolution of lithium, their surface abundance is similar at all points to the standard value (see Figs. 7 and 8) , so that similar models including rotation will lead to a good agreement between a location on the Hertzsprung gap, the lithium content, and the carbon and nitrogen abundances. As shown in Fig. 11 , these models-designed to reproduce the carbon and nitrogen abundances-are the only ones able to reconcile all the observables. As expected by construction and as shown in Fig. 14 , the surface abundance variation of CNO elements following the 1st DUP obtained in these models is in very good agreement with the values derived in the wGb stars in our sample.
Caveats of the pollution scenario
The pollution scenario as illustrated by the CNO and RotCNO models, faces the same weakness as the self-enrichment scenario when it comes to reconciling the surface abundances of Li-rich wGb stars and those of the CNO nuclides. In both cases the CNO pattern of wGb band stars is the result of CNO cycle nucleosynthesis occurring at high temperature where lithium is fully destroyed by proton captures in stellar interiors.
Assuming that the C and N abundance anomalies existing in wGb stars result from an initial / early pollution, two other major questions appear: (1) Can we find earlier-type progenitors and successors of wGb stars? (2) What type of stars can produce the pollution we have identified ?
(1) Considering the masses of the wGb stars, they were early A-type to late B-type stars on the main sequence. Because such stars are devoided of a convective envelope and do not experience the same high rate of mass loss as the O-type stars many of them -if not all-are classified as chemically peculiar stars due to the combined action of hydrodynamical mixing processes and atomic diffusion (gravitational settling, radiative levitation) in their atmospheres and upper envelopes. The identification of potential progenitors to wGb stars is thus very difficult, and no clear evidence of dwarf stars exhibiting similar CNO abundance patterns to the wGb giants has been found. Turning to the possible descendants of wGb stars, considering that a large part of the sample are evolving in the Hertzsprung gap, the wGb stars that are Li-poor and compatible with a clump evolutionary status would be their descendants. Indeed, the surface CNO abundance of wGb stars in the pollution scenario are already close to nuclear equilibrium on the main sequence, and will be very marginally affected by the 1st DUP. Therefore, we expect the descendants of wGb stars in the pollution scenario to share similar CNO abundances with their progenitors, but to exhibit lower lithium surface abundances as a consequence of the 1st DUP.
(2) A review of the latest yields from stars more massive than 4 M ⊙ indicates that none is expected to eject matter processed through the CN cycle exclusively at the end of its evolution (Woosley & Weaver 1995; Forestini & Charbonnel 1997; Siess 2010; Chieffi & Limongi 2013; Pignatari et al. 2013; Karakas & Lattanzio 2014) . The massive intermediate-mass stars and the massive stars evolve through He burning and beyond, and their final contribution to the enrichment of the interstellar medium bears the imprint of these nucleosynthetic processes that tend to erase the direct signature of H burning via the CNO cycle. Another possibility could be that the wGb stars accreted matter from the winds of main sequence massive stars while they were still fully convective on the pre-main sequence. Such scenarios have been proposed at low metallicity to account for the abundance anomalies in globular cluster RGB stars (Prantzos & Charbonnel 2006) . In the specific context of globular clusters, the slow equatorial winds of extremely fast-rotating low-metallicity massive stars is invoked, but there is no clear indication to date of the existence of such objects at solar metallicity. Martins et al. (2015) recently published a study of ON stars, which are main sequence O-type stars presenting a strong N enrichment, but they still fall short in terms of the amplitude of the anomalies, getting [N/C] ≈ 2 dex and [N/O] ≈ 0.5 dex, while the mean for the wGb stars is [N/C] ≈ 2.5 dex and [N/O] ≈ 1 dex (see Fig. 12 ).
Conclusions
Using high-resolution and high S/N spectra, we have analysed a sample of 19 wGb stars for which we derived the fundamental parameters, the metallicity, and the surface abundances of Li, C, N, O, and some heavy elements. Part of our sample was also analysed in AL13, and despite some systematic differences between the fundamental parameters derived in both studies that are discussed in the light of the differences in the spectral synthesis and model atmospheres used, we confirm the results of AL13 concerning the strong deficiency in carbon, a carbon isotopic ratio at nuclear equilibrium, and a strong enrichment in nitrogen for all the wGb stars in the sample. This proves the presence of CN-cycle processed material in their atmospheres as also pointed out by AL13. Based on a series of dedicated stellar evolution models, we find that wGb stars are most likely the descendants of early A-to late B-type stars, with initial masses between 3 and 4.2 M ⊙ . A large fraction of them could be presently undergoing the 1st DUP in the red part of the Hertzsprung gap; some stars in our sample are more compatible with a clump status. While the lithium abundances found cannot be qualified as anomalous since they reflect the normal evolution of rotating subgiant stars prone to rotating mixing, the carbon and nitrogen abundances remain puzzling. The carbon and nitrogen abundances are found to be fully compatible with the expected CNO cycle nucleosynthesis that also occurs within the wGb stars. However, we discard an internal origin for these abundance anomalies based on the argument that the nucleosynthesis region of interest is located very deep within the HBS, shielded by a high mean molecular weight gradient, and corresponds to the region where the peak of nuclear energy is produced. Any mixing in this region would result in an abnormal evolution and evolutionary path of the stars in the HR diagram, which is not supported by observations. We have reviewed the possibilities of an external pollution, and are not able at present to put up a consistent scenario that would explain the overall abundance pattern of wGb stars. They could have been born polluted or have been polluted in their infancy (while fully convective) by more massive stars that would have ejected CNO cycle processed material. However, at the time of writing we cannot clearly identify the polluters nor fully reconcile the normal lithium evolution with a pollution with CN-cycle processed material that should be, by nature, devoid of lithium. Obtaining new measurements of Be for the wGb stars would add a valuable constraint and clarify the Li abundances with respect to the CNO. Considering that little is known about the binary status of wGb stars in our sample, we have started a follow-up campaign on selected apparently single objects with the HERMES spectrograph on the Mercator Telescope in order to clearly establish their nature. We suggest that further studies of more massive stars should be done in order to identify the possible polluters of wGb stars.
